Two-dimensional (2D) lead halide perovskite materials are emerging as one of promising light-absorbing materials in perovskite solar cells (PSCs), which show outstanding stability and defect passivation. Unfortunately, the power conversion efficiency (PCE) of those stable 2D PSCs is still far behind that of 3D PSCs. Herein, we reported a simple in-situ growth technique for the ethylenediamine lead iodide (EDAPbI 4 ) layer on the top of formamidinium lead iodide (FAPbI 3 ) layer. The rationally designed layered architecture of 2D-3D perovskite film could improve the PCE of the PSCs. In addition, benefiting from the high moisture resistance and inhibited ion migration of EDAPbI 4 layer, the 2D-3D-based devices showed obviously enhanced long-term stability, keeping the initial PCE value for 200 h and 90% of its initial PCE even after 500 h.
INTRODUCTION
Lead halide perovskite solar cells (PSCs) have attracted extensive attention due to their rapidly boosted performance, and certified maximum power conversion efficiency (PCE) has reached up to 24.2% [1, 2] . Such an amazing development is due to high absorption coefficient, long balanced carrier diffusion length, and the advantages of easy solution of perovskite materials [3, 4] . In recent years, two-dimensional (2D) perovskites are another branch of perovskite materials and have been widely used in PSCs, due to their unique structural characteristics. 2D perovskite films with long-chain organic cations show excellent tolerance to moist environment [5] [6] [7] [8] [9] [10] [11] . However, the 2D perovskite not only slows the charge transfer between perovskite layers but also reduces the electron collection efficiency of electron transport or hole transport layer [12] . The 2D perovskitebased PSCs always exhibit inferior performance than conventional 3D devices [13] .
In a previous study, introducing 2D perovskite into 3D perovskite materials has been considered as a common method to improve the long-term stability of the PSC without sacrificing too much photovoltaic performance. Smith et al. [14] reported (PEA) 2 (MA) 2 Pb 3 I 10 (PEA= C 6 H 5 (CH 2 ) 2 NH 3 + , MA=CH 3 NH 3 + )-based 2D perovskite material and obtained a PCE of 4.73% in 2014. Recently, Tsai et al. [15] reported an enhanced PCE of 12.52% using 2D (CH 3 (CH 2 ) 3 NH 3 ) 2 (CH 3 NH 3 ) 2 Pb 3 I 10 and (CH 3 (CH 2 ) 3 NH 3 ) 2 (CH 3 NH 3 ) 3 Pb 4 I 13 perovskite films, and the devices exhibited improved stability when subjected to light and humidity. In the 2D perovskite materials mentioned above, instead of methylammonium (MA) or formamidinium (FA), larger organic molecules were used to develop photovoltaics [16] . Compared with 3D perovskite, the layered 2D perovskite could provide more environmental stability due to the stronger van der Waals interaction between organic molecules and PbI 6 . Moreover, the long chain organic ion was more hydrophobic than FA or MA ions, which was conducive to improving the stability against humidity [17] . More recently, the PSCs based on (C 6 H 5 C 2 H 4 NH 3 ) 2 (CH 3 NH 3 ) n−1 Pb n I 3n+1 (n=60) have achieved a certified PCE of 15.3%, but the device stability was not so good because of the reduced content of 2D perovskite [18] . Therefore, for further practical application of PSCs, it is urgent to develop a simple and feasible method to balance the PCE and longterm stability of the devices.
In this work, we introduced a simple method to fabricate a thin 2D ethylenediamine lead iodide (EDAPbI 4 ) layer on the top of 3D formamidinium lead iodide (FAPbI 3 ) layer for efficient and stable 2D-3D-based devices. It is noted that the device with 2D perovskite capping layer resulted in obviously enhanced open-circuit voltage (V oc ) and fill factor (FF). Most importantly, the 2D-3D-based devices exhibited significant long-term stability.
RESULTS AND DISCUSSION
The deposition process of 2D-3D perovskite film is displayed in Fig. 1a , which is divided into four steps. Firstly, the FAI/PbI 2 precursor solution was spin-coated on the mesoporous layer and then antisolvent solution was dropped on the film. Subsequently, the film was annealed at 140°C for 30 min to obtain the FAPbI 3 perovskite film. Thirdly, the saturated ethanediaminedihydroiodide (EDAI 2 ) solution ( Fig. S1 ) was spin-coated on the FAPbI 3 perovskite film to grow an additional 2D EDAPbI 4 film. Finally, the EDAPbI 4 capping layer was successfully obtained on the top of the FAPbI 3 film after annealing at 140°C for 10 min.
X-ray diffraction (XRD) patterns, photographs and ultraviolet-visible (UV-Vis) spectra of the 2D-3D het-erojunction-and 2D/3D hybrid-structure (10:0, 8:2, 6:4, 4:6, 2:8, and 0:10, volume ratio) perovskite films were measured in Fig. 2 and Fig. S2 (the details on the 2D/3D films preparation were given in the supporting information). For the 2D film (2D/3D, 10:0), the characteristic peaks located at 8.7°and 9.3°indicated the formation of 2D EDAPbI 4 film. Moreover, an absorption at~420 nm observed in the UV-Vis spectra indicated that the EDAPbI 4 was a wider band-gap material (Fig. S1 ) [19] . With the decrease of 2D content to 60%, the characteristic peaks of 2D perovskite disappeared completely [20] , while the typical peak (13.8°) of 3D perovskite film was observed in Fig. 2a . However, it was noteworthy that the weak peaks corresponding to the 2D perovskite at 26.5°a nd 33.7°were observed at small angles in the diffraction, which also proved the existence of 2D materials in 2D-3D and 2D/3D (10:0, 8:2, 6:4, 4:6 and 2:8) films in Fig. 2b , c.
The morphological structure of the 3D and 2D-3D films were examined by scanning electron microscopy (SEM) and shown Fig. 3 . Although the surface coverage of 3D film was complete, the grain boundaries, and pinholes were still observed in Fig. 3a . After EDAI 2 treatment, the morphology of 3D film has considerably changed. A uniform and pinhole-free 2D-3D film was found in Fig. 3b . Previous studies reported that the in- corporation of long chain alkyl-ammonium halides was beneficial to reducing the pinholes and passivating their surface [21] [22] [23] . Additionally, the PbI 2 particles on the 3D film were significantly reduced, which might be the result of the reaction between EDAI 2 solution and excessive PbI 2 on the 3D film surface (Fig. 1b) . Meanwhile, the cross-sectional SEM image showed that the additional layer with a thicknesss of about 50 nm formed on the 3D perovskite layer, suggesting the formation of 2D perovskite layer in Fig. 3d .
X-ray photoelectron spectroscopy (XPS) was used to study the formation of 3D, 2D and 2D-3D perovskite films. As can be seen from Fig. 4a , the C-C (284.8 eV) and C-N (286.5 eV) bonds were detected in C 1s XPS spectrum of 3D-FAPbI 3 film, suggesting the existence of FA + cation [24] . In addition, the C=O bond at 288.3 eV emerged in FAPbI 3 film was due to the introduction of H 2 O and O 2 in the preparation process of FAPbI 3 [25,26]. In the N 1s peak (Fig. 4d ), the bond of C-N at 400.4 eV and C=N at 402.3 eV came from the C-NH 2 and C=NH 2 + of FAPbI 3 [24] . As a contrast, for the 2D film, the C-C and C-N bonds of 2D perovskite film at 284.3 and 286.5 eV increased significantly in Fig. 4b . It showed that the C-C and C-N bonds in 2D perovskite were more than those in 3D perovskite, verifying the presence of EDA 2+ (NH 3 + C 2 H 4 NH 3 + ) cation. Notably, the disappearance of C=O band indicated the high stability of 2D perovskite film to H 2 O and O 2 . The N 1s spectrum of 2D perovskite film has two peaks at 401.7 and 399.2 eV, which were consistent with the previously reported 2D EDAPbI 4 film in Fig. 4e [19] . According to the chemical structure in Fig. S3 , the strong peak at 401.7 eV could be ascribed to the C-N of EDA 2+ and the other peak at 399.2 eV was due to N in the -NH 2 state. Finally, for the 2D-3D film, the typical peaks of FAPbI 3 and EDAPbI 4 films could be found in the C 1s and N 1s spectra in Fig. 4c , f, suggesting that 2D perovskite film has been successfully grown on 3D perovskite film. Meanwhile, the weakening of C=O in Fig. 4c revealed the effect of waterresistant of 2D perovskite layer and passivated ionic vacancies. Moreover, as shown in Fig. S4 , compared with 3D perovskite film, the peak positions of Pb 4f and I 3f shifted slightly to the higher binding energy, which sug- gested that the chemical environments of Pb and I in 2D-3D were different from those in 3D perovskite film [27] . The electrical properties of the device interface were investigated by using electrochemical impedance spectroscopy (EIS). In general, the first semicircle stands for the charge transfer. As shown in Fig. 5a , the first semicircle of the 3D based device was slightly lower than that of 2D-3D-based device, demonstrating that 3D-based device had a slightly larger charge transport resistance (R ct ) than 2D-3D-based devices. On the other hand, the second semicircle stands for the charge recombination at the interface between titanium dioxide and perovskite [28] [29] [30] [31] . The semicircle of the device based on 2D-3D film was larger than that of device based on 3D film, which showed that the charge recombination could be remarkably suppressed due to the reduced defect density.
To confirm the effect of 2D film, photoluminescence (PL) and time resolved PL (TRPL) were carried out to probe to the dynamics of recombination.
The TRPL and PL of 3D and 2D-3D perovskite films on the glass were measured in Fig. 5b , c. 2D-3D film had a stronger PL intensity compared with 3D film. The increased PL intensity could be attributed to the reduced surface traps by EDAI 2 treatment. By fitting single index model for the 3D and 2D-3D films, PL lifetimes of the 3D and 2D-3D films were calculated to be 16.19 and 29.61 ns, respectively. This phenomenon displayed improved perovskite film and reduced grain boundaries and defects after EDAI 2 treatment.
To examine the photoelectric properties, the devices were fabricated by using 3D and 2D-3D perovskite films. The device based on 2D-3D film showed a PCE of 17.96% under a reverse scan and 16.88% under a forward scan (Fig. 6a) . The steady-state photocurrent and output power of the device based on 2D-3D film were measured for 300 s at the bias of 0.9 V. A steady photocurrent of 19.05 mA cm −2 and corresponding PCE of 17.13% could be yielded in Fig. 6d . However, the optimal PCE of the device based on 3D reached 16.23% and 13.08%, respectively, under a reverse and forward scan (Fig. 6b) . The FF and V oc of the device based on 2D-3D were significantly improved, indicating the charge recombination could be remarkably suppressed due to the reduced defect density [32] . Moreover, the photon-to-current efficiency (IPCE) curve and the integrated short circuit current density (J sc ) value of the device based on 2D-3D film are shown in Fig. 6c . A slightly increase of IPCE value and the integrated J sc might be attributed to the improvement of perovskite film quality. The statistical distribution of PCE based on 28 devices suggested the reliability and repeatability of the devices (Fig. 6e, f) .
To evaluate whether the 2D capping layer had a positive effect on the long-term stability of the devices, the devices were stored in an ambient condition with 30% relative humidity (RH) and 25°C for 200 h in dark. We monitored the changes of XRD patterns of the fresh and aged films. As shown in Fig. 7a , the peaks of PbI 2 , δ-FAPbI 3 and α-FAPbI 3 at 12.9°, 11.8°and 13.8°were observed in fresh 3D perovskite film, which showed the instability of α-FAPbI 3 during preparation process. However, in 2D-3D film, the peaks of PbI 2 weaken after EDAI 2 treatment, which indicated that the reaction between PbI 2 and EDAI 2 occurred. After aging for 200 h, the reduced intensity of α-FAPbI 3 characteristic peak and the increased intensity of PbI 2 and δ-FAPbI 3 characteristic peaks demonstrated that the degradation was obvious in 3D-FAPbI 3 film [33, 34] . However, the peaks of PbI 2 (12.9°), δ-FAPbI 3 (11.8°) and α-FAPbI 3 (13.8°) did not change significantly after aging for 200 h in 2D-3D film. Photographs of the films of 3D, 2D-3D, 3D-200 h and 2D-3D-200 h were inserted into Fig. 7a , respectively. After aging for 200 h, the color of 3D film has obviously changed from black to yellow. Compared with 3D film, 2D-3D film remained black after aging for 200 h, which also suggested that 2D films grown on 3D film had high moisture resistance. Furthermore, as shown in Fig. 7b , the absorbance of 3D film was significantly reduced after aging for 200 h. On the contrary, the absorption spectrum of 2D-3D film was almost unchanged after aging for 200 h. Fig. 7e displays the photographs of contact angles for 3D and 2D-3D films, demonstrating the enhancement of humidity resistance induced by 2D film, which helps to improve the stability of the film. In addition, the longterm stability has always been an urgent requirement for PSCs. The stability of the devices based on 3D and 2D-3D films was tested under 30% RH at 25°C. The PCE value of the device based on 3D gradually reduced to nearly zero with 200 h. In the meantime, the device based on 2D-3D film maintained the initial PCE value for 200 h, even after 500 h, it still maintained 90% of its initial PCE. It proved that the device based on 2D-3D film showed the excellent moisture stability, as illustrated in Fig. 7d .
CONCLUSIONS
In conclusion, we developed a simple deposition method to simultaneously enhance stability and PCE of 3D-based device via forming EDAPbI 4 layer on the top of FAPbI 3 film. Such 2D capping layer could effectively suppress the charge recombination in 2D-3D PSCs, thus achieving higher PCE. At last, the 2D-3D-based device showed a PCE of 17.96%, which was higher than the 3D-based device. Benefiting from the high moisture resistance of the EDAPbI 4 film, the 2D-3D-based devices demonstrated remarkably enhanced long-term stability, keeping the initial PCE value for 200 h and maintaining 90% of its initial PCE even after 500 h in a constant temperature and humidity chamber with 30% RH and 25°C . 
